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ABSTRACT 
Effective kitchen ventilation systems are critical for removing hazardous 
pollutants generated during cooking to maintain acceptable levels of indoor air quality. 
Current indoor air quality standards specify air flow and sound ratings as the only 
metrics to analyze the performance of kitchen ventilation. Lawrence Berkeley National 
Laboratory has been working alongside ASTM to develop a test standard for analyzing 
the fraction of cooking pollutants removed by kitchen range hoods.  
RELLIS Energy Efficiency Laboratory (REEL) was given the opportunity to 
design, develop, and construct a capture efficiency test facility using tracer gas 
monitoring to analyze the performance of kitchen ventilation systems. REEL established 
seven sub-components of the testing facility based on the requirements outlined in the 
test standard developed by LBNL. The 4.34 m x 3.93 m x 3.05 m testing chamber was 
sized to best represent a residential kitchen, which can accommodate range hood flow 
rates up to 200 L/s. All components and necessary equipment and instrumentation were 
designed and selected to conform to the dimensional, measurement, and accuracy 
requirements outlined in the test standard. 
Testing procedures were developed and preliminary data for 5 kitchen range 
hoods were taken to qualify the room and to analyze the effects of range hood air flow, 
mounting height, and cooking surface temperature on capture efficiency. Air flow rates 
< 100 cfm yielded capture efficiencies between 55-82%, while air flow rates > 150 cfm 
yielded capture efficiencies between 86-92%. Average capture efficiencies were 67.7% 
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and 77.8% for mounting heights of 30” and 21” for flow rates < 150 cfm, respectively, 
while at air flow rates > 190 cfm, capture efficiencies were measured to be 88.2% (30”) 
and 90.3% (21”). At air flow rates < 130 cfm capture efficiencies were 66.4% and 55.6% 
for surface temperatures of 150 0C and 200 0C, respectively. At air flow rates > 160 cfm, 
capture efficiencies were measured to be 79.9% and 74.3%. 
It was found that capture efficiency increased with increasing air flow rates, and 
decreasing mounting heights (closer to cooking surface) and surface temperatures. Large 
differences in measured capture efficiencies at flow rates < 150 cfm suggests that 
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ACH   Air Changes per Hour 
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning 
Engineers 
ASTM   American Society for Testing and Materials 
CFM   Cubic Feet per Minute 
DALY   Disability Adjusted Life Years 
HVI   Home Ventilating Institute 
IAP   Indoor Air Particles/Pollution 
IAQ   Indoor Air Quality 
ISO   International Organization for Standardization 
LBNL   Lawrence Berkeley National Laboratory 
PM   Particulate Matter 
PPM   Parts Per Million 
PSIG   Pounds per square inch (gauge) 
REEL   RELLIS Energy Efficiency Laboratory 
RMS   Root Mean Square 
SEM   Standard Error of Mean 
CE   Capture Efficiency [%] 
Cambient   Tracer gas concentration at inlet of chamber [ppm] 
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Cchamber  Tracer gas concentration in chamber [ppm] 
Cexhaust   Tracer gas concentration in exhaust [ppm] 
δp(Cexhaust)  Spatial (precision) error for exhaust concentration [%] 
δp(Cinlet)  Spatial (precision) error for inlet concentration [%]
δp(Cchamber)  Spatial (precision) error for chamber concentration [%]
δse(Cexhaust)  Temporal error for exhaust concentration measurements [%]
δse(Cinlet)  Temporal error for inlet concentration measurements [%]
δse(Cchamber)  Temporal error for chamber concentration measurements [%] 
δ(Cexhaust)  Total error for exhaust concentration measurements [%]
δ(Cinlet)  Total error for inlet concentration measurements [%] 
δ(Cchamber)  Total error for chamber concentration measurements [%] 
δ (CE)   Total error of measured capture efficiency [%] 
P   Power consumption of electric heaters [kW] 
Tambient   Ambient temperature of testing chamber [0C] 
Tburner   Surface temperature of burner plate [0C] 
tss   Steady-state time required for testing [min] 
Q50   Flow rate required to maintain 50 Pa of pressure [L/s] 
QHood   Flow rate of Range Hood [cfm] 
V   Volume of Chamber [m3] 
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1. INTRODUCTION 
	
1.1 Problem Overview 
Indoor air quality is an important health metric for human exposure that often 
goes unrecognized. Air and biological pollutants contribute to the air quality within a 
residence and are threats to the health of both children and adults. Biological pollutants, 
such as mold, will thrive and grow at a rapid rate when exposed to a moist environment, 
becoming a threat to human health. There are a variety of different sources within a 
residence that contribute to excess moisture and pollutant concentrations.  
One area of the home that largely contributes to poor indoor air quality is the 
kitchen. During the act of cooking, the amount of moisture generated depends on many 
different factors, including types of food and how the food is being prepared and cooked 
(covered or uncovered, time, temperature, etc.). Cooking activities not only generates a 
large amount of moisture, but also generates potentially harmful particles and gases, thus 
further contributing to poor indoor air quality within a residence.  
In order to control the effects of excess moisture and air pollutants within a 
residence, proper ventilation practices must be taken. The main function of a kitchen 
ventilation system is to remove the pollutants, moisture, smoke and odors that are 
generated when cooking. Without the installation or proper use of kitchen ventilation 
systems, the generated moisture can lead to excessive levels of relative humidity and 
indoor air particles that threaten the health of individuals within the home. 
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1.2 Problem Validation 
Appropriate kitchen ventilation is critical to alleviate hazardous pollutants 
generated during cooking activities. A major issue contributing to poor indoor air quality 
is the lack of requirements for mechanical ventilation systems in many older building 
codes. Although new standards are beginning to adopt requirements of proper kitchen 
ventilation, there is a large communication gap between the energy industry and 
homeowners that inhibits the use of these systems. Due to lack of knowledge about the 
importance of air quality and adequate ventilation within a dwelling, many homeowners 
do not properly use their kitchen ventilation systems.  
The lack of building codes for kitchen ventilation has also created a large variety 
of system performance and efficiency. The wide range in system performance can be 
explained by the numerous variables that effect kitchen ventilation systems – among 
these are type of cooking, location of the range, location of the cook top, size and 
location of the hood, and type and size of the fan used in the system. The number of 
different variables affecting the performance and efficiency explains why ventilation 
systems need to be meticulously designed for proper control of ventilation and filtering 
allowing for acceptable limits of air pollutants within a residence.  
Publishing a test standard for measuring the performance of a kitchen ventilation 
system will provide a greater opportunity for research labs to study the many different 
factors affecting the capture efficiency of range hoods and kitchen ventilation systems. 
Through collaboration and communication amongst research labs, researchers could 
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study, document, and report the factors affecting capture efficiency, aiding 
manufacturers in the innovation of range hood technology while increasing the indoor 
air quality within a residence. As a result of this, it is the intent of this paper to outline 
the design and development of a testing facility and procedure used for assessing range 
hood and kitchen ventilation system performance. 
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2. BACKGROUND AND HISTORY 
	
2.1 Air Pollutant Generation 
The act of cooking within a residence produces a number of different air 
pollutants that contribute to the indoor air quality. A variety of factors contribute to the 
type and amount of emissions, including ingredients, cooking method, type of stove 
being used, and cooking temperature. Common air pollutants being generated from the 
cooking of food include fine particles (PM2.5), ultrafine particles (UFPs), and volatile 
organic compounds (VOCs). Fine particles, or PM2.5, are particles that are 2.5 microns or 
less in width, while ultrafine particles are particles less than 0.1 microns in width. 
Volatile organic compounds are organic chemical compounds that are emitted in to the 
air as gases from solids and liquids under normal indoor atmospheric conditions of 
temperature and pressure. Typical VOCs that are released when cooking food include 
formaldehyde, benzene, and toluene.  
The combustion of fuel when using gas-fueled cooking appliance also 
contributes to a number of different air pollutants being generated. The main source of 
pollutants from gas appliances that directly impact health includes carbon monoxide, 
nitrogen dioxide, formaldehyde, and particulate matter concentration (Singer et. al., 
2009). It was also found that both gas and electric cooking stoves are the most 
significant and impactful sources of UFP generation in residencies (Rim, Wallace, et. al., 
2012).  
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The U.S. Environmental Protection Agency performed a study on the sources and 
strengths of fine and ultrafine particles generated when cooking with a gas stove. Over 
600 hours of cooking morning and evening cooking activities over the course of the year 
were performed to compare the pollutant concentration during cooking and non-cooking 
periods within the home. It was found that cooking generated more than 10 times the 
amount of ultrafine particle concentration when compared to non-cooking periods, while 
PM2.5 concentrations increased by a factor of 3 during cooking periods (Wallace et. al., 
2004).  
2.2 Moisture Generation 
Cooking is also a major contributor to moisture generation within a residence. 
Moisture is typically generated from boiling or simmering foods on a cook top, as well 
as from microwaves and conventional ovens by removing moisture from food and 
venting it to the atmosphere. The amount of moisture being generated during cooking is 
dependent on many different factors, including type of cooking appliance, type of food, 
how the food is being cooked, cooking temperature, and duration of the cooking process. 
Additionally, using gas cook tops will result in a further increase in moisture generation 
due to water vapor being a byproduct of gas combustion. Parrott et al. (2003) 
summarized a study performed at the Cold Climate Housing Information Center, which 
estimated that nearly 0.35 pints, 0.52 pints, and 1.22 pints of moisture was generated 
when cooking a 4-person meal on an electric range for breakfast, lunch, and dinner, 
respectively (as cited in Angell and Olsen, 1988).  When cooking this same meal using a 
gas range, it was found that the moisture generated was more than doubled that of an 
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electric range. Another study performed by National Resource Council Canada estimated 
that cooking three meals a day generated roughly one liter (2.11 pints) of moisture, while 
using a gas stove contributed to an additional 1.5 liters (3.17 pints) of moisture generated 
(Rousseau, 1984).  
2.3 Health Impacts of Air Pollutants 
Long-term exposure to chronic levels of air pollutants can significantly impact 
the health of individuals living in homes, mainly harming the respiratory and 
cardiovascular systems. In a study performed at Brigham Young University, it was 
found that long-term exposures to PM2.5 were associated with increases in ischemic heart 
disease, dysrhythmias, heart failure, and cardiac arrest (Pope et. al., 2002). 
A study performed by See et al. (2006) analyzed the risk assessment of human 
exposure to indoor aerosols associated with cooking in Chinese homes. Health estimates 
based on maximum exposure and dose were determined to evaluate the potential health 
threats due to pollutant generation during cooking. Both non-carcinogenic and 
carcinogenic risks were estimated and compared to normal levels of air pollutants during 
non-cooking periods. It was found that non-carcinogenic risks, with no appreciable risks 
of long-term health effects, were approximately 50% higher than what is considered 
acceptable. For carcinogenic risks, however, the estimated risk was two orders of 
magnitude higher than the acceptable levels.  
Jennifer Logue and other scientists at Lawrence Berkeley National Laboratory 
performed a study to quantify and compare the health impacts of several different indoor 
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air pollutants. Logue and her team integrated available disease incidence and disease 
impact models with the data of measured concentrations to estimate the chronic health 
impact of several different indoor air pollutants (IAPs). The metric used to quantify the 
chronic health impacts due to inhalation of IAPs in residences is identified as disability-
adjusted life years, or “DALYs”. This metric, commonly used by the World Health 
Organization, describes the amount of lost years of “healthy” life, measuring the current 
health status against an ideal health situation (World Health Organization, 2014).  
During the study it was determined that the concentration of air pollutants in 
many residential homes exceeded the chronic and acute levels detailed in relevant 
health-based standards for indoor exposure. Of the 70 chemical pollutants studied, 33 
were identified as chronic hazards, with nine of these pollutants being identified as 
priority hazards. Among the nine priority-hazard pollutants identified were acrolein and 
PM2.5 – two pollutants accounting for the vast majority of DALY losses whose main 
source of generation stems from cooking activities (Logue, et al., 2012). The DALY 
losses due to exposure of indoor PM2.5, acrolein, and formaldehyde combined was 
estimated to be 1,100 per 100,000 persons. This value was substantially greater than the 
estimated DALY losses of the remaining 67 air pollutants (40), and can even be 
compared to the 7,700 and 1,700 DALY losses within the United States each year 
caused by non-communicable diseases and both first- and secondhand smoking, 
respectively (McKenna et. al., 2005). 
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2.4 Kitchen Ventilation Use 
The daily use of kitchen ventilation is an important measure to remove pollutants 
and moisture generated when cooking at home. A study performed by Kathleen Parrott 
and her research group at North Carolina State University outlined how frequent 
homeowners were effectively using their kitchen ventilation systems during cooking 
activities. Of the 78 participating households, 68% cooked complete meals five or more 
times a week and 97% prepared dinner on a regular basis (Parrott et. al., 2003). Although 
92% of the households reported having mechanical kitchen ventilation systems, only 8% 
used their ventilation system during the process of cooking on the stove. Another 8% of 
participants reported they “almost never” used their ventilation system, while 15% used 
ventilation “very rarely”. When using the oven, 46% of participants reported never using 
ventilation, 28% used ventilation when cooking oily or greasy foods, and 17% when 
cooking food with strong odors.  
Phillip Price and Lawrence Berkeley National Laboratory performed a similar 
study on new California homes. Of the 1,448 participants, 28% reported always using 
their ventilation system when using their cook top, while 32% only use it when odor or 
humidity seemed to be an issue (Price et. al., 2007). 26% of participants reported using 
their ventilation systems “sometimes”, while 11% and 2% reported “rarely” or “never” 
using it. When cooking with the oven, 15% reported always using their ventilation 
system, 12% only when odor or humidity was an issue, 15% using it “sometimes”, while 
21% and 35% “rarely” or “never” used it.  
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2.5 Kitchen Ventilation System Efficiency 
Kitchen ventilation can be accomplished by a variety of different exhaust system 
designs, although the most common system includes the use of a range hood mounted 
directly over the cooking area. A range hood is a device used for capturing cooking-
generated contaminates over a stove, range, or cooktop, and exhausting them to the 
outside environment. Before the late 1900’s, there was little information about the 
prevalence or fan usage patterns of kitchen fans in homes in the United States. Since 
then, techniques have been utilized to study the performance of kitchen range hood 
exhaust systems. In 1985, Nagda et al. (1989) performed complementary research to 
analyze the effects of a vented hood fan on combustion emission products from gas 
range operations. It was found that a vented fan hood could reduce the peak 
concentration of combustion products by roughly 50% when operating at the beginning 
of cooking activities. 
A research laboratory at the University of Minnesota used flow visualization 
techniques to assess the performance of various kitchen exhaust ventilation systems. It 
was found that adding side baffles, reducing clearance height, and increasing flow 
performance increased the capture efficiency of wall-mounted range hood exhaust 
systems (Kuehn, et. al., 1992).  
The Division of Building, Construction and Engineering in Australia performed a 
study for deriving the capture efficiency of kitchen range hoods in a confined space. It 
   10 
was stated that the definition of capture efficiency must follow the four principal issues 
(Li and Delsante, 1996):  
• The ability to assess the performance of different hood designs in a 
defined environment  
• The ability to guide hood designers in choosing an adequate exhaust flow 
rate 
• The consistency of the concept 
• The ease of numerical calculation, experimental and field measurements 
A new derivation of kitchen range hood capture efficiency was studied by using a plume 
theory to analyze the air exchanges in a two-zone mixing model; namely the cooking 
zone and the room zone. The capture efficiency was found by calculating the ratio of 
captured flow rate to the total plume flow rate at the front canopy height.  
Li and Ho (2001) further extended the definition of capture efficiency using a 
two-zone model by considering that there may not always be fully mixed conditions in 
the two zones due to strong buoyancy effects. When using a two-zone non-mixing 
model, at least four concentration measurements of a tracer gas or pollutant are 
necessary, including the average concentration at the hood boundary. In this study, it 
was found that at lower exhaust flow rates, an increase in heat power above 1,000 W 
significantly decreased the measured capture efficiencies due to the increase in thermal 
plume flow rates.  
Hood performance studies conducted by LBNL analyzed the effects of 
environmental factors and range hood design on capture efficiency (Singer, et. al., 2010). 
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In one study, experiments were conducted on 15 exhaust hood devices varying in design 
and other characteristics. The capture efficiency was analyzed for various burner 
configurations and fan speed settings. It was found that higher flow rates yielded higher 
capture efficiencies, while using the back burners as opposed to the front burners yielded 
significantly higher capture efficiencies. Open hoods covering all cooktop burners while 
operating at higher air flow rates yielded the best and most consistent performance.  
Further performance research at LBNL analyzed eight range hood models at 27 
different mounting-height-flow-rate combinations (Walker et. al., 2016).  The measured 
capture efficiency generally increased at higher flow rates and lower mounting heights, 
although different models had different capture efficiencies at the same flow rate. This 
explains that geometric and design factors of a range hood also contribute to its 
performance. Further observation showed that performance differences between 
different mounting heights were smaller for hoods with a deep sump or hoods with a 
depth large enough to cover the front burners.  
2.6 Range Hood Performance Standards 
 There are published European standards that are used to analyze the performance 
of kitchen range hoods. One standard highlights fan performance, grease absorption and 
odor extraction to analyze hood performance, while another standard utilizes tracer gas 
to analyze the reduction in concentration of the room after operating the range hood for 
ten minutes (as cited in Walker et. al., 2016). However, these standards do not analyze 
the fraction of cooking pollutants directly exhausted by the range hood.   
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Current North American standards highlight only air flow, sound, and power 
consumption metrics to assess the performance of kitchen exhaust fans. ASHRAE 62.2 
specifies exhaust fans used for kitchen ventilation must have a minimum air flow value 
of 100 cfm (50 L/s) and a sound rating of 3 sones or less (ASHRAE, 2013).   
Due to the lack of test standards analyzing pollutant capture efficiency, Lawrence 
Berkeley National Laboratory, with the input from an ASTM working group, have 
developed a test method with the intent of it being published and used as an ASTM test 
standard. This thesis outlines the current test method and facility requirements in 
development for ASTM. RELLIS Energy Efficiency Laboratory at Texas A&M 
University was granted the opportunity by HVI to work alongside LBNL to design, 
develop, and construct a new testing facility for range hood capture efficiency, and 
further establish a structured testing procedure.  
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3. SYSTEM REQUIREMENTS 
	
3.1 Overview 
The testing facility and its components will be built to best represent a cooking 
environment within a residential kitchen as shown in Figure 1. Our lab categorized seven 
key components of the testing facility according to the requirements established in the 
ASTM CO2 Capture Efficiency Test Method developed by LBNL. The seven 
components of the test facility are the test chamber, chamber inlet, chamber exhaust, 
range hood and cabinetry, cooking surface, CO2 emitter system, and CO2 detection 
system. Not pictured in Figure 1, is the associated instrumentation and data acquisition 
system of the testing facility. 
Figure 1: Test chamber and sub-components for CO2 capture efficiency testing 
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3.2 Testing Chamber 
The capture efficiency testing must be preformed inside a test chamber with 
minimum wall lengths of 2.5 m and 3.5 m, and a wall heights between 2.4 m to 2.5 m. 
The testing chamber must have an air tightness of no greater than 2.5 air changes per 
hour, and shall be tested in accordance with ASTM-E3087.17. The air tightness is tested 
by imposing a gauge pressure of 50 Pa and measuring the air flow required to maintain 
this pressure. The chamber of the volume, V, shall have less than 2.5 air changes per 
hour, and is calculating using the formula: 
!"# !ℎ!"#$% !"# !"#$ =  3.6 !!"!  
• Q50: flow rate required to maintain 50 Pa (L/s) 
• V: Volume of the chamber (m3) 
• 3.6: Conversion ratio (m3 à L and sec. à hr.) 
3.3 Range Hood and Cabinetry 
The chamber and its components must also be designed to accommodate range 
hoods as large as 0.9 m (36 in.) wide with air flows up to 200 L/s (424 cfm). The range 
hood being tested shall be installed on the longest wall of the test chamber, with 
cabinetry installed on both sides of the range hood. The testing facility must be designed 
to ensure that the range hood can be mounted at various heights, and positioned flush 
with the back wall and adjacent to the cabinetry while under test. The range hoods shall 
be operated at specified operating points. Prior to capture efficiency testing, range hoods 
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will undergo air flow testing in accordance to ANSI/AMCA 210-07 to determine air 
flow performance at a specified rated static pressure. 
The cabinetry must be installed to contact the ceiling while extending down 1 m 
to 1.1 m. The cabinets must also be at least 0.5 m wide with a depth of 0.3 m to 0.4 m. 
To greater represent a cooking environment in a residential kitchen setting, a countertop 
below the range hood and cabinets is required. The countertop’s surface should be 0.9 m 
from the ground, with a width and depth of 1.93 m and 0.65 m, respectively, and must 
make contact with the back wall. 
3.4 Chamber Inlet 
The chamber inlet must be designed so that incoming air is directed away from 
the wall where the range hood and tracer gas emitters are located. The inlet must also be 
effectively located to ensure there is at least 1 m (3 ft.) of separation between the inlet 
and range hood being tested. This design eliminates the possibility of incoming air 
disrupting the thermal plume created when resembling cooking activities. The inlet must 
be sized to ensure an average inlet air velocity of no more than 0.5 m/s, and a diffuser 
should be used to establish uniform air flow entering the chamber. A sufficient inlet size 
or number of inlets must be used to ensure the chamber is not depressurized by more 
than 5 Pa while operating a range hood at maximum air flow (200 L/s).  
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3.5 Chamber Exhaust 
An auxiliary fan and damper should be connected in line with the range hood 
exhaust, which allows for the user to obtain desired range hood air flow rates. A flow 
meter having an accuracy of +/- 5% of the measured flow must also be connected in line 
with the range hood to measure the air flow rate of the range hood under test. The 
airtightness of the exhaust system must be measured, and have a maximum air leakage 
no greater than 2.5 L/s at a test pressure of 25 Pa.  
3.6 Cooking Surface 
Non-inducting heating elements supplying heat to the tracer gas emitters must be 
used. The heating elements shall be 200 mm +/- 10 mm in diameter, and each element 
being used must supply an average power input of 1.0 kW +/- 0.1 kW throughout the 
testing period. The number of heating elements used is dependent on the size of the 
range hood being tested. For 0.61 m (24 in.) and 0.75 m (30 in.) wide range hoods two 
heating elements will be used, while for 0.90 m (36 in.) wide range hoods three heating 
elements will be used.  
3.7 CO2 Emitter System 
A plume diffusion/tracer gas emitter assembly must be fabricated and used for 
each operating heating element. The design and dimensions of the emitter assembly was 
established by LBNL, and consists of two circular metal plates along with an injector 
array. Each plate has a diameter of 250 +/- 5 mm, with a thickness of 13 +/- 1 mm. The 
emitter plate must emit tracer gas over the both the upper and lower surface of the top 
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plate through holes 3.5 mm in diameter. A minimum of 30 holes is required for the 
upper surface while 15 holes are required for the lower surface. Figure 2 shows the 
provided schematic with given dimensions for the emitter assembly plates designed by 
LBNL. A temperature sensor must be mounted on the top plate near the center of the 
assembly, and must have an accuracy of +/- 5 0C. 
Figure 2: Plume diffusion/tracer gas emitter assembly 
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3.8 CO2 Detection System 
A non-toxic, non-flammable tracer gas stable up to 400 0C must be used, 
although CO2 is the preferred choice. The tracer gas must be injected through the center 
of the emitter assembly, and the injection rate must be controlled to within +/- 1% using 
a mass control system. The flow rate of the tracer gas shall be less than 0.5% of the air 
flow rate through the range hood. The concentration of tracer gas must be measured at 
three different locations. The ambient tracer gas concentration, Cambient, will be measured 
at the air inlet to the chamber. The chamber tracer gas concentration, Cchamber, will be 
measured on the centerline of the range hood, 0.5 m away from the countertop and at a 
height half way between the top of the countertop and the bottom of the range hood. 
Lastly, the exhaust tracer gas concentration, Cexhaust, will be measured within the range 
hood exhaust ducting at least 10 duct diameters downstream of the connection to the 
range hood. There must also be five sample points across the cross-section of the exhaust 
duct. These three tracer gas concentrations will be used to calculate a capture efficiency 
of the range hood. 
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4. EXPERIMENTAL APPARATUS AND VERIFICATION 
 
4.1 Overview 
A series of verification and validation checks were performed on each sub-
component of the test facility before installation in order to meet the specifications and 
requirements of the current ASTM CO2 Capture Efficiency Method drafted standard. 
The following describes the methods used to verify and validate each of the system’s 
sub-components. Additionally, all instrumentation used in the data acquisition process 
was calibrated with certificates of compliance, provided in Appendix G. 
4.2 Testing Chamber 
When designing the testing chamber, the selected dimensions were 15’-9” by 
13’-1 3/16” (4.34 m by 3.93 m), with wall heights of 10’-0” (3.05 m). The dimensioned 
of the testing chamber were designed for the future accommodation of testing island-
mounted range hoods, which require larger ventilation rates than wall-mounted range 
hoods. (Home Ventilating Institute). Two circular cutouts were made through the roof of 
the testing facility to accommodate for inlet air and the exhaust system. A 3’- 2 1/2” by 
6’- 10 1/2” cutout and centered along the front wall of the testing facility was made to 
accommodate for the installation of an interior door. A schematic of the testing chamber 
with necessary dimensions and cutouts is outlined in Figure 3. 
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Figure 3: Schematic of testing chamber 
 
Structural insulated panels, or SIPS, were chosen for the walls and structure of 
our testing chamber due to their high strength, energy efficient and cost effective 
advantages. The panels, shown in Figure 4, consist of an insulating foam core 
sandwiched between two oriented strand boards (OSB). These insulated panels were the 
material of choice for our construction because SIPs costs roughly the same as building 
with a wood frame when factoring in the labor savings resulting from shorter 
construction time and less hardware. SIPs also provide the advantage of meeting air 
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infiltration requirements without any additional air sealing measures that would 
otherwise be needed on wood frame structures.  
 
Figure 4: Material composite of Structurally Insulated Panels (SIP) 
 
The air infiltration testing of the chamber was performed by DPIS Engineering 
Incorporated. At a pressure of 50 Pa, the leakage was measured to be 57 cfm (27 L/s). 
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was calculated to be 1.86 ACH. Given that the maximum air infiltration rate of the 
chamber is 2.5 ACH, the constructed chamber was determined to be acceptably airtight. 
A full report of the air infiltration test results can be found in Appendix H. 
4.3 Range Hood and Cabinetry 
Range hoods are often designed and manufactured for a variety of different 
shapes and sized. Because range hoods are not all the same dimensions, the cabinets 
were designed to mount onto horizontally adjustable rails, so that they would make 
contact with any sized range hood. Different range hood manufacturers recommend 
different installation heights for the user depending on the size and geometric design of 
the unit. For this reason, vertically adjustable rails were incorporated in the design so 
that the affect of range hood mounting height on capture efficiency can easily be 
analyzed.  
Additionally, a custom wood frame was designed and built to accompany 
different sized range hoods. The framework was strategically designed so that any sized 
range hood can be quickly mounted onto the adjustable rails. Metal shims can also be 
used when mounting the range hood to ensure that the unit under test is level in both the 
x- and z- directions. The track systems for both the cabinets and range hood can be 
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Figure 5: Adjustable railing system for range hood and cabinetry 
  
The cabinetry was built in-house using plywood and angle brackets, and was 
designed to be 61” (1.54 m) long, 22” (0.56 m) wide, and 18” (0.46 m) in depth. The 
length and width of the cabinets meet the requirements outlined in the ASTM standard, 
however the length exceeds requirements to accommodate the added height of the test 
chamber walls. Our test chamber was designed to be 120” in height, which is over 20” 
taller than the dimensional requirements outlined in the standard. Also, many installation 
requirements of range hoods recommend a mounting height of 36” above the cooking 
surface. When factoring in the test chamber height, countertop height, and mounting 
height recommendations, designing cabinets to satisfy the length requirements would 
cause the mounted range hood to extend past the bottom of the cabinets. In a typical 
   24 
residential kitchen, range hoods are positioned above the bottom surface of the adjacent 
cabinets. For this reason, we designed our cabinets to be 61” long to best replicate a 
residential kitchen setting. Detailed schematics outlining the height discrepancy between 
the ASTM requirements and our design are shown in Figure 6. The designed cabinetry 
installed on to the adjustable railing system is shown in Figure 7. 
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Figure 7: Designed cabinetry installed on adjustable railing system 
 
A workbench was used to simulate the counter top within a residential kitchen. 
The workbench was selected for its mobility and storage capabilities, and with a slight 
modification, meets the size requirements outlined in the ASTM standard. The 
dimensions of the workbench are 76” x 36” x 20”. To accommodate for a shortened 
depth, a wooden frame was built and installed behind the workbench, thus extending the 
depth 6” as shown in Figure 8. The range hood, cabinetry, and counter top assembly 
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Figure 9: Range hood, cabinetry, and cooking countertop assembly 
	
4.4 Chamber Inlet 
The inlet of the system was cut on the centerlines of the chamber ceiling, which 
is 6 feet from the back wall to ensure that the minimum distance between the range hood 
and inlet is maintained. A simplified version of the Bernoulli’s equation was used to 
determine the necessary size of the air inlet. The formula to determine the inlet area is 
outlined below: 
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∆! = 12!(!!! − !!!) 
Equation 1: Simplified Bernoulli’s equation used to determine inlet area 
Where ΔP is the differential pressure between the chamber’s inlet and exhaust, ρ is the 
density of air at atmospheric conditions, and V1 and V2 are the air flow velocities at the 
inlet and exhaust, respectively. The differential pressure was assumed to be 5 Pa, which 
is the maximum chamber depressurization requirement from the ASTM standard. Using 
an exhaust outlet area of 8 inches, and assuming the maximum range hood flow rate of 
200 L/s (~424 cfm) outlined in the standard, the maximum air flow velocity at the exit 
was calculated to be 6.2 m/s. Based on the values established from valid assumptions, 
the inlet area was calculated to be 10 inches in order to maintain a chamber 
depressurization less than 5 Pa at maximum range hood flow rates.  
A MERV-11 air filter was positioned on top of the chamber to ensure adequate 
filtration of incoming air. A diffuser plate, similar to that used by LBNL, was designed 
and installed to ensure that the inlet air does not disturb the flow pattern of the range 
hood being tested. MERV-11 filters were used on three sides of diffuser plate for further 
filtration, and were positioned so that inlet air is delivered in all directions except 
towards the range hood and emitter assemblies. The filtration system and installed 
diffuser plate for the chamber inlet is represented in Figure 10.  
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Figure 10: Inlet filter and designed inlet diffuser plate 
 
4.5 Chamber Exhaust 
The outlet diameter of the exhaust was dictated by the geometric design of the 
flow measurement device included in the exhaust duct. The flow measurement device 
selected was a venturi tube due to its cost effectiveness, low uncertainties, and ease of 
fabrication. The venturi tube was designed to be in accordance with ISO 5167-4 for 
measurement of fluid flow by means of a pressure differential advice. After fabrication, 
the device was inspected by both Brazos Custom Fabrication and lab personnel to ensure 
conformance to the ISO standard. A detailed schematic used for fabrication and 
inspection can be found in Appendix K. 
 To maintain an uncertainty of less than 5% in the flow measurement, certain 
geometric characteristics of the venturi tube were satisfied. The geometric requirements 
are represented below (ISO 5167-4, 2003): 
• Diameter ratio (β) between 0.4 and 0.7 (no additional uncertainty) 
• Diameters between 200 mm (7.87”) and 1200 mm (47.24”) (no additional 
uncertainty) 
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• Fabricated using welded sheet iron (1.5% baseline uncertainty) 
• 3 duct diameter entry/exit length (additional 0.5% uncertainty) 
• Diameter deviation of no more than 10% from mean diameter (additional 
0.5% uncertainty) 
• Uncertainty in discharge coefficient (additional 1% uncertainty) 
The venturi tube, shown in Figure 11, was designed to have a total uncertainty of 3.5%, 
which meets the requirements outlined in the ASTM standard for capture efficiency. 
  Figure 11: Venturi tube designed to satisfy uncertainty requirments 
  
An inline fan rated from 0-540 cfm and adjustable damper were installed in the 
exhaust system to allow for the control of range hood flow rates and to ensure the unit is 
being tested at a specified rating point (e.g. external static pressure). The exhaust system, 
detailed in Figure 11, runs from the range hood outlet, through the test chamber, and 
ends with a duct termination exhausting air to the outdoors.  
 An air infiltration test was performed by DPIS Engineering on the exhaust 
system after installation. The air infiltration rate yielded a result of 2.7 cfm (1.3 L/s) at 
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25 Pa, which is less than the 2.5 L/s rate specified by ASTM. A full report of the air 
infiltration test performed on the exhaust system is provided in Appendix I. 
Figure 12: Exhaust system designed to control the range hood flow rate 
 
4.6 Cooking Surface 
Because ASTM-E3087.17 requires varying the locations of the heating elements 
depending on the size of the range hood, the cooking surface will be comprised of three 
portable electrical heaters. Our lab selected Cadco CSR-3T portable electric burners with 
a diameter of 7.5”, thus meeting the dimensional requirements specified in the ASTM 
standard.  These burners were rated at 120 V and 1.5 kW. In order to meet the power 
consumption requirements (1 kW), a variable power transformer was connected in line 
with the burners. From preliminary examination, it was determined that the electric 
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burners normally consume 1.4 kW of power, thus the power transformer was set to a 
71% capacity in order to ensure the electric heaters are consuming 1 kW of power during 
testing. The electric burners connected in line with the variable power transformers are 
displayed in Figure 13. 
Figure 13: Electric burner and variac used to simulate cook-top 
 
4.7 CO2 Emitter System 
Our lab designed three tracer-gas emitter assemblies that were fabricated by 
BVD Machining in Bryan, TX. The emitter assembly was designed by the REEL team to 
meet the specifications recommended by LBNL, and was then verified by lab personnel. 
The dimensional drawings for the emitter plates can be found in Appendix J. The 
assembly design allows for copper tubing to be connected at the center of the plates for 
CO2 injection.  
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 The ASTM standard specifies that the CO2 injection rate shall be no greater than 
0.5% of the air flow rate through the range hood being tested. Given that the test 
chamber is designed for air flow rates up to 200 L/s (423 cfm), the maximum CO2 
injection rate was calculated to be 1 L/s (60 lpm). A Cole-Parmer mass flow controller 
capable of measuring CO2 mass/volumetric flow rates within the range of 0-100 lpm was 
selected for our design. The mass flow controller has a maximum operating line pressure 
of 145 psig and an accuracy of +/- 0.8%.  
Our research lab rents a storage container housing six, 50-pound CO2 cylindrical 
tanks from Praxair Solutions due to their location and delivery services. It was estimated 
that six tanks allow for roughly 15-20 full tests to be performed before running empty. 
For the safety of lab personnel and instrumentation, a gas regulator connected inline with 
the CO2 cylinders is required. A single-stage inert gas regulator with an operating 
pressure range of 0-100 psi was selected, as it conforms to the line pressure requirements 
of the mass flow controller. When emitting tracer gas, it is recommended to adjust the 
regulator to 35 psi for optimal results, as the mass flow controller being used was 
calibrated at this operating pressure. An inline CO2 heater is connected in between the 
regulator and CO2 cylinder to prevent CO2 regulator freeze-up and further damage. An 
image of the CO2 emitter system, outlined in Figure 14, shows the process of tracer gas 
flowing from the cylinders to the emitter assemblies on the cooking surface.  
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Figure 14: CO2 emitter system used to simulate generated pollutants 
 
4.8 CO2 Detection System 
The designed CO2 detection system, shown in Figure 15, consists of a CO2 gas 
analyzer along with a directional control valve to allow for analyzing multiple different 
sample locations using the same instrument. Previous studies showed that the maximum 
CO2 reading in the exhaust, at the injection rate specified, typically does not exceed 
3,000 ppm (Yang-Seon, et. al, 2018). Using a conservative estimate, our research lab 
purchased a gas analyzer ranging from 0-5,000 ppm, with an accuracy of 0.3%. The 
SBA-5 CO2 gas analyzer, supplied by PP Systems, performs an ‘auto-zero’ function at 
regular intervals to ensure accuracy and frequent analyzer calibration. The gas analyzer 
is connected to an ‘auto-zero’ column that brings air into the unit filtered free of CO2 in 
order to set a reference point for the infrared technology used to determine CO2 
concentration. Ambient air passes through the Sofnolime beads within the column, 
which removes the CO2 from the air before passing into the gas analyzer.  
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 The directional control (solenoid) valve, purchased from Valco Industries, has 
the capability for cycling between eight different sampling points. There are only three 
CO2 sample locations needed to determine the capture efficiency, so the remaining five 
ports of the valve remain sealed. The valve is controlled manually using the provided 
hardware, so that the researcher can cycle between the sampling locations. 
Figure 15: CO2 detection system used to measure location concentrations 
 Three different sampling tubes, detailed in Figure 16, were installed within the 
system. To conform to the requirements outlined in the ASTM standard, certain 
measures were taken to ensure proper placement of the sampling tubes. The sampling 
tube for the chamber’s CO2 concentration was fixed to a mobile and vertically adjustable 
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frame so that the tube can be positioned halfway between the cooking surface and range 
hood at various mounting heights. The sampling tube for the exhaust’s CO2 
concentration was positioned 10 duct diameters downstream of the range hood, and 
consists of five sample points across the cross-section of the duct. Lastly, the sampling 
tube of the ambient CO2 concentration was strategically positioned and fixed to the 
diffuser plate, facing the inlet of the chamber.  
Figure 16: Three CO2 sampling locations to determine capture efficiency 
	
4.9 Instrumentation 
The instrumentation selected for capture efficiency testing using tracer gas 
monitoring is shown in Table 1. In addition to the instrument/sensor name, also tabulated 
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Table 1: Sensors and instrumentation selected for design 



















CO2 mass and volume flow rate 
and control 
0.05-100 L/min / 
0.8% 





Regulates pressure to mass flow 





Monitor Power Consumption of 
Electrical Heaters 
0-10 Amps / 0.1% 
(A), 0.1% (W) 
In-line heater ProFax/CO2-heater 
Prevents frost build-up in CO2 
line N/A 
CO2 sensor 










Multiple Sampling points using 





Measures pressure drop across 
venturi tube 
























Analog Output DAQ -10	–	10V	/	±0.35%	
Tachometer Monarch/ACT-3X Measuring range hood RPM 
0-99999 rpm / 
±0.04% 
Inline fan Vents/VKM-200 
Make-up air for range hood 
rating points 0-541 cfm 
Iris Damper Fantech/IR-8 Increasing chamber static pressure K=220-1600 
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5. DATA ANALYSIS METHODOLOGY 
	
5.1 Overview 
The capture efficiency of the unit is calculated by using the measured tracer gas 
concentrations at three different locations: the chamber inlet (Cinlet), inside the exhaust 
ducting (Cexhaust), and inside the test chamber at a specified location from the cooking 
surface and range hood (Cchamber). The formula detailing the capture efficiency (CE) is: 
!" = !!"#$%&' − !!"#$%&'!!"#$%&' − !!"#$%  
Equation 2: Capture Efficiency Equation Using Ratios of Differences 
The strategy for using ratios of differences to calculate the capture efficiency is to 
eliminate the bias error when taking measurements. The equation for capture efficiency 
yields a fraction, but capture efficiency will be expressed as a percentage, with 100% 
meaning the range hood has captured all of the emitted tracer gas. 
5.2 Uncertainty 
Precision and temporal based errors both contribute to the uncertainty of the 
capture efficiency measurements.  
Precision Error 
The precision error is a combination of the accuracy of the tracer gas analyzer 
and the spatial variations in concentration, and arises because the tracer gas is not 
spatially uniform. The precision error for the exhaust concentration can be effectively 
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assumed to be zero because the multiple sample locations and distance from the unit 
conform to the requirement outlined in ASTM E2029. The precision error for the inlet 
concentration can also be assumed to be zero because the inlet stream is a combination 
of well-mixed ambient sources. The precision error for the chamber concentration can be 
calculated by taking the root mean square of the difference between each tracer gas 
concentration measured and the overall average concentration recorded. 
Temporal Error 
The temporal error of the tracer gas measurements is derived from the standard 
error of mean concentration values for each 10-point sample.  SEM is calculated by 
dividing the standard deviation for each data set by the square root of the sample size. 
Total Error 
The total error of the concentrations combines both the precision and temporal 
error, and can be calculated with the formulas: 
! !!"#$%&"' = !! !!"#$%&"' ! + !!" !!"#$%&"' ! 
Equation 3: Combining precision and temporal errors to calculate a total error for 
tracer gas concentration measurements 
	
This general equation can be used to find the total error for tracer gas measurements at 
all three locations. The total error for tracer gas measurements at all three locations is 
combined to calculate the total error in capture efficiency using the formula: 
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! !" =  !" ! !!"#$%&' ! + ! !!"#$%&' !!!"#$%&' − !!"#$%&' ! + ! !!"#$%&' ! + ! !!"#$% !!!"#$%&' − !!"#$% !  
Equation 4: Combining total error and concentration of tracer gas to derive the 
total error in capture efficiency for the unit under test  
	
5.3 Methodology 
A software code using the LabVIEW program was written to perform the 
necessary data acquisition needed during the testing process. The software was designed 
to measure the range hood exhaust flow rate through the venturi tube, the chamber 
depressurization, and the surface temperature of the hot plates. In addition, the software 
is also used to record the CO2 concentration of the different sampling locations, 
determine the steady state time required before beginning concentration measurements, 
and adjust the mass flow rate of CO2 injected into the emitter plates. A screen shot of the 
LabVIEW user interface for the data acquisition process is shown in Figure 17.




Figure 17: User interface for data acquisition software
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            To begin, the range hood will be installed conforming to the manufacturers 
instruction provided by the installation and operating manual. The installation height, or 
distance between the bottom edge of the range hood and the countertop, must be 
recorded along with the chamber’s ambient temperature before testing. The range hood 
will then be turned on and adjusted to the desired operating speed (low speed, high 
speed, etc.), and the auxiliary fan may also be used to obtain the target air flow rate 
through the range hood. After obtaining the target air flow rate of the range hood the 
heating elements shall be turned on and adjusted using a variable transformer to maintain 
a surface temperature of 200 0C +/- 10 0C while maintaining the power consumption of 
the electric heaters at 1.0 +/- 0.1 kW. The tracer gas will be injected into the system, and 
the injection rate must be adjusted so that the measurement device’s accuracy is less than 
1% of the difference in concentrations between Cexhaust and Cambient. The tracer gas 
injection rate must also be less than 0.5% of the air flow rate of the range hood.  
The steady state time of the system can begin once the air flow rate, heating 
elements, and CO2 are all operating or entering the chamber. Steady state will be reached 
after four air changes of the test chamber have been completed. After reaching steady 
state, the tracer gas concentrations at the three different locations will be averaged over a 
10-minute (minimum) period with a minimum of 10 tracer gas concentration 
measurements at each location. The flow rate through the range hood, power input to the 
heating elements, surface temperature of the emitter assembly, and chamber temperature 
must also be averaged over the same time period of the tracer gas measurements. After 
the testing is complete, the capture efficiency and standard error will be calculated and 
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reported, along with the range hood flow rate, power consumption, surface temperatures, 
and chamber temperature.  
Based on the amount of time required to achieve steady state, it is estimated that 
each test will take approximately 1.5-2.5 hours. This time is comprised of an 
approximate 30-minute set-up, 1-1.5 hour runtime, and 30 minutes estimated to uninstall 
the unit and generate the capture efficiency test reports.  
A detailed version of the test procedure, including individual steps and 
illustrations, was created so that future students can be easily trained and prepared for 
capture efficiency testing. This test procedure, outlined in Appendix C, references the 
current ASTM standard draft and LBNL reports for capture efficiency testing of 
domestic range hoods. It should be noted that a formal and official procedure will be 
developed in cooperation with HVI after the completion of this project. Therefore, the 
procedure described is currently based on preliminary research.  
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6. DATA ANALYSIS 
	
6.1 Overview 
A total of five different kitchen exhaust fan units were installed and tested 
between two capture efficiency technicians. In order to protect the privacy of our 
customers, the exhaust fans were labeled Fan A – Fan E1. Of the five different units 
tested, four were kitchen range hoods while one, Fan D, was a microwave oven with an 
exhaust fan. Fan A had depth and width dimensions of 18.625” x 30”. Fans B and E had 
depth and width dimensions of 35.375” x 19.125” and 20.87” x 30”, respectively. Fan D, 
the microwave, had width, depth and height dimensions of 29.88” x 15.4” x 16.45”.  
Between the five units, a total of 36 capture efficiency tests were conducted at 
different mounting heights, exhaust flow rates, and cooking surface temperatures. The 
results of the tests that were analyzed, along with other procedural requirements, are 
provided in Appendix A. The repeatability of these results, along with the impact of air 
flow rate, mounting height, and surface temperature on the capture efficiency of the 
ventilation system is highlighted throughout the remainder of this section. 
6.2  Effects of Range Hood Flow Rate 
Fans A, B, C were each installed at a mounting height of 27 inches above the 
cooking surface. While conducting the tests, the CO2 injection rate was 0.5% of the 
range hood flow rate. The surface temperatures of the emitter plates were closely held 
																																								 																				
1	It was asked by the manufacturers of Fan C to keep all aspects of their design in privacy as the product has yet to          
enter final production.	
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between 150 0C +/- 10 0C while recording the CO2 concentrations at each location. Each 
fan was designed to incorporate three speed settings using an adjustable knob, namely 
“Low”, “Medium” and “High”. Fan C had four speed settings – “Low”, “Medium-Low”, 
“Medium-High”, and “High”. Fan A was tested at Low speed, Fan B was tested at Low 
and High speeds, and Fan C was tested at Low, Medium-Low, and Medium-High 
speeds.  
Figure 18 outlines the effects of air flow rate on range hood capture efficiency. 
Each range hood tested along with the speed setting used has a unique symbol and color. 
From observation, there is a positive correlation between the range hood air flow rate 
and the measured capture efficiency, meaning as air flow rate increased the capture 
efficiency of the tested unit also increased. The variability of capture efficiency is much 
more significant at low air flow rates compared to high air flow rates.  At air flow rates 
less than 100 cfm (~47 L/s), capture efficiencies varied from 55% to 82%, while air flow 
rates above 150 cfm (~70 L/s) yielded more consistent capture efficiencies from 86% to 
92%. Such variability in capture efficiency at flow rates less than 100 cfm shows that the 
geometry and design of a range hood is a significant factor of its performance at lower 
air flow rates. For example, Fans A and B were tested at ‘Low’ speed settings with air 
flow rates < 100 cfm. Fan B performed significantly better than Fan A at similar air flow 
rates (79-82% capture efficiency compared to 65-67%). Fan B, being 6” wider than Fan 
A, covered the entire distance of the cooktop burners from end-to-end, resulting in a 
much greater capture efficiency. 
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Figure 18: Effects of air flow rate on capture efficiency 
6.3 Effects of Mounting Height 
Fan G was used to evaluate the effects of mounting height on range hood capture 
efficiency.  Two different mounting heights were used for this analysis; a “Low” 
mounting height of 21 inches, and a “High” mounting height of 30 inches. For each of 
the mounting heights, two speed settings were tested, namely “Low” speed and “High” 
speed. The CO2 injection rate (0.5% of the range hood flow rate) and surface 
temperatures of the emitter plates (150 0C +/- 10 0C) remained consistent throughout the 
series of tests.  
Figure 19 shows the capture efficiency of each test plotted against the measured 
air flow rates, and outlines the effects of mounting height on range hood performance. 
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When operating at “Low” speed, the average capture efficiency was 67.7% and 77.8% 
for mounting heights of 21 inches and 30 inches, respectively. At “High” speed, the 
average capture efficiency was 88.2% and 90.3% for mounting heights of 21 inches and 
31 inches, respectively. The percent differences in the measured capture efficiency at 
different mounting heights for “Low” and “High” operating speeds were calculated to be 
2.3% and 12.9%. By observation, range hoods mounted at lower mounting heights will 
have higher capture efficiencies compared to higher mounting heights. The mounting 
height has a much more significant impact on range hood performance at air flow rates 
less than 150 cfm.  
 Figure 19: Effects of mounting height on capture efficiency 
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6.4 Effects of Cooking Surface Temperature 
Fan D was used to evaluate the effects of cooking surface temperature on range 
hood capture efficiency. Surface temperatures of 150 0C +/- 10 0C (“Low”) and 200 0C 
+/- 10 0C (“High”) were used for this analysis.  For each of the cooking surface 
temperatures, two speed settings were used, namely “Low” speed and “High” speed. The 
CO2 injection rate (0.5% of the range hood flow rate) and range hood mounting height 
(16 inches) remained consistent throughout the series of tests.  
Figure 20 outlines the effects of cooking surface temperature on range hood 
capture efficiency at two different speed settings. When operating at “Low” speed, the 
average capture efficiency measured was 66.4% and 55.6% for surface temperatures of 
150 0C and 200 0C, respectively. At “High” speed, the average capture efficiency was 
79.9% for a surface temperature of 150 0C, and 74.3% for a surface temperature of 200 
0C. The percent differences in measured capture efficiency at different cooking surface 
temperatures for “High” and “Low” operating speeds were 7.1% and 16.3%, 
respectively. By analyzing these results, a range hood will have a higher capture 
efficiency when using a kitchen’s cooking top at lower temperatures. The cooking 
surface temperature has a more significant impact on range hood performance at low air 
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Figure 20: Effects of cooking surface temperature on capture efficiency 
 
6.5 Repeatability 
Calculating the standard deviation of repeated tests, although a small sample size, 
is a good tool to quantify the repeatability of the results. The lower the standard 
deviation value, the more repeatable the measured results are.  
When evaluating the effects of mounting height, flow rate, and cooking surface 
temperature, multiple tests at the same operating conditions were repeated. Conducting 
the same test at the same operating conditions allowed our lab to analyze the 
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repeatability of our system and testing process. The detailed results of the different series 
of tests are obtainable in Appendix B. 
When evaluating the range hood flow rates effect on capture efficiency, 5 
different series of repeated tests were conducted. Figure 21 shows the quantified 
repeatability of each series of tests plotted against the measured air flow rate of the range 
hood. Each symbol represents a different series of tests conducted at a different flow 
rate. Figure 21 shows a negative effect between air flow rate and quantified repeatability, 
meaning as the flow rate increased the standard deviation across repeated tests also 
increased. This means that our system produces more repeatable results at lower flow 







 Figure 21: Effects of air flow rate on repeatability of system 
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When evaluating the effects of mounting height on capture efficiency, 4 different 
series of repeated tests were conducted. Figure 22 shows the quantified repeatability of 
each series of tests plotted against the measured air flow rate, and outlines the effect of 
mounting height on the repeatability of results. From observation, there is a significant 
increase in quantified repeatability when increasing the mounting height of the range 
hood. This means that the measured values for range hood capture efficiency are much 
more consistent at lower mounting heights when all other parameters are held constant. 
 
Figure 22: Effects of mounting height on repeatability of system 
 When evaluating the effects of cooking surface temperature on capture 
efficiency, four different series of repeated tests were conducted. Figure 23 shows the 
quantified repeatability of each series plotted against the measured air flow rate, and 
outlines the effect of surface temperature on the repeatability of results. Similar to the 
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mounting height effects, there is a significant increase in quantified repeatability when 
increasing the cooking surface temperature. This shows that the measured values for 
range hood capture efficiency are much more consistent at lower cooking surface 
temperatures when all other parameters are held constant. An important observation is 
that the repeatability of the results improves significantly when increasing the air flow 
rates at the a cooking surface temperature of 200 0C. This explains that at higher cooking 
surface temperatures, range hoods operating at higher flow rates are much more 
consistent at absorbing generated pollutants. 
 
Figure 23: Effects of cooking surface temperature on repeatability of system 
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It is important to note that only two, three, or four repeated tests were conducted 
for each series analyzed. A small sample size for each series was recommended due to 
the availability of CO2 and other objectives of this research. To further ensure the 
repeatability of our system and testing procedure, more series of tests with larger sample 
sizes is recommended.  
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7. CONCLUSIONS 
	
Lawrence Berkeley National Laboratory (LBNL) has been working in 
coordination with the American Society for Testing and Materials (ASTM) to develop 
and publish a test standard for analyzing a kitchen range hood’s performance using a 
metric derived as capture efficiency. The capture efficiency of a range hood is the 
fraction of pollutants emitted during cooking activities that are vented directly to the 
outside environment.  
RELLIS Energy Efficiency Laboratory (REEL) at Texas A&M University was 
tasked to design, develop, and construct a new testing facility, resembling a residential 
kitchen, for range hood capture efficiency. Seven key components of the testing facility 
were established according to the requirements previously developed by LBNL. The 
seven components of the test facility are the test chamber, chamber inlet, chamber 
exhaust, range hood and cabinetry, cooking surface, CO2 emitter system, and CO2 
detection system. 
The walls and structure of the test chamber were built using structurally insulated 
panels (SIPs) due to their energy efficient and cost effective advantages. The dimensions 
of the test chamber were designed to be slightly larger than the required dimensions to 
accommodate for the future development of a test method for island range hoods. The air 
infiltration of the test chamber was measured to be 1.86 ACH, which satisfies the 
requirement of 2.5 ACH.  
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Adjustable rails for both the range hood and cabinetry were used to 
accommodate for testing various sized range hoods at various mounting heights.  The 
cabinetry, built in-house, meets the depth and width requirements outlined in the test 
standard. The length of the cabinetry, although exceeding the requirements, was 
designed so that the cabinetry can make contact with the ceiling while extending lower 
than range hoods tested at lower mounting heights.  A mobile workbench satisfying the 
dimensional requirements was chosen to represent a cooking surface.  
The inlet was sized to 10 inches to accommodate a chamber depressurization of 5 
Pa, and a diffuser plate was designed so that incoming air would not disturb the flow 
pattern of the range hood being tested. A venturi tube was designed with geometric 
requirements satisfying a maximum flow measurement uncertainty of 5%. An inline fan 
and damper were installed to allow for the control of range hood flow rates, and the 
exhaust duct was designed to vent outside of the lab. The measured air infiltration rate of 
the exhaust system was 1.3 L/s, which satisfies the 2.5 L/s requirement. 
Portable electric heaters were selected so that the cooking surface can be 
positioned according to the range hood width. A variable power transformer was 
connected in line with the heaters to maintain a power consumption of 1 kW during the 
course of a test.  
Tracer gas emitter assembly plates were designed to the specifications outline by 
LBNL. A mass flow controller with a range of 0-100 lpm and accuracy of 0.8% was 
selected, meeting the requirements outlined in the test standard. 6 CO2 cylindrical tanks 
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are used to supply tracer gas, with both an inline heater and pressure regulator attached 
for proper safety measurements.  
A 0-5,000 ppm CO2 gas analyzer with an accuracy of 0.3% was selected based 
on the established requirements and expected exhaust concentrations. A directional 
control valve was also utilized so that the three sampling locations for CO2 concentration 
can be analyzed by using the same device. All instrumentation and data-acquisition 
equipment was properly calibrated and verified before beginning testing.  
From the five range hoods tested, a total of 36 capture efficiency tests were 
conducted at various air flow rates, mounting heights, and cooking surface temperatures.  
Measured capture efficiency increased with increasing air flow rates. At flow rates < 100 
cfm capture efficiencies were measured to be between 55-82%. Such a large variance in 
measured capture efficiency suggests that the geometry and design of a range hood is a 
significant factor of its performance when operating at lower speeds. Design factors 
were evaluated by analyzing the capture efficiencies of Fans A and B when operating at 
similar flow rates (~100 cfm). The width of Fans A and B were measured to be 30” and 
36”, respectively. Fan B, whose width covered the entire area of the cooking surface, 
yielded capture efficiencies between 79 and 82%. This measured performance was much 
better than Fan A with its smaller width, which yielded capture efficiencies of 65-67%. 
At flow rates > 150 cfm, the geometry and design of the range hood proved to be much 
less of a factor for range hood performance, with measured capture efficiencies between 
86% and 92%.  
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Mounting heights of 21” and 30” were used to analyze the effects of mounting 
height on range hood performance. At flow rates ~140 cfm, average capture efficiencies 
were measured to be 77.8% at 21” and 67.7% at 30”, with a percent difference of 12.9%. 
At flow rates ~190 cfm, capture efficiencies were measured to be 90.3% (21”) and 
88.2% (30”) with a percent difference of 2.3%. The large percent difference in measured 
capture efficiency at flow rates ~140 cfm shows that mounting height has a more 
significant impact on the performance of range hoods operating at ‘Low’ speeds 
compared to ‘High’ speeds.  
Cooking surface temperatures of 150 0C of 200 0C were also used to analyze the 
effects of cooking temperatures on range hood performance. At air flow rates  ~125 cfm, 
the average capture efficiencies were found to be 66.4% at 150 0C and 55.6% at 200 0C, 
with a percent difference of 16.3%. At air flow rates ~165 cfm, capture efficiencies were 
measured to be 79.9% and 74.3% at surface temperatures of 150 0C and 200 0C, 
respectively, with a percent difference of 7.1%. Similar to the mounting height, the 
effects of surface temperature are much more significant at low operating speeds. When 
comparing the effects of mounting heights and surface temperatures at high flow rates, 
the percent differences illustrate that cooking temperature has more of an impact on 
range hood performance.  
For each parameter (air flow, mounting height, surface temperature) evaluated, 
multiple tests were taken under the same conditions to evaluate the repeatability of the 
system. Measuring the standard deviation for a series of tests is an effective tool to 
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quantify how repeatable the test results are. A standard deviation of 0 means that all test 
results are identical, thus the smaller the standard deviation, the more repeatable the 
results are. Measured values of repeatability were more consistent at low air flow rates < 
100 cfm. When analyzing the results for different mounting heights, the quantified 
repeatability at flow rates of ~140 cfm was measured to be 0.23 and 1.72 for mounting 
heights of 21” and 30”, respectively. At flow rates of ~200 cfm, the repeatability was 
measured to be 0.31 at 21” mounting heights and 1.78 and 30”. At surface temperatures 
of 150 0C and 200 0C, repeatability was measured to be 0.48 and 1.87 at flow rates of 
~125 cfm, and 0.53 and 1.57 at flow rates ~165 cfm, respectively. To further ensure the 
repeatability of our system and testing procedure, more series of tests with larger 
samples sizes is recommended.  
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in CE [%] 
A High 88.5 26 77 13 142.1 148.9 67.14 0.97 
A High 87.3 26 84 13 162.7 159.5 66.83 3.26 
A High 89.4 26 88 13 157.7 153.0 65.45 1.33 
B Low 94.2 27 77 13 148.4 155.8 81.00 1.12 
B Low 95.8 27 81 13 175.0 154.9 81.86 1.3 
B Low 95.1 27 81 13 172.8 151.0 79.88 0.93 
B High 281.6 27 26 35 140.7 137.7 91.21 1.72 
B High 279.1 27 27 35 121.6 153.6 88.23 1.26 
C Med-Low 167.9 27 45 23 156.1 166.1 88.16 0.89 
C Med-Low 167.0 27 48 23 145.3 144.2 88.09 1.32 
C Med-Low 183.7 27 37 23 144.2 153.6 91.32 0.88 
C Med-High 269.9 27 30 35 136.2 147.8 89.58 0.99 
C Med-High 274.8 27 25 35 184.9 185.6 89.08 1.82 
C Med-High 275.7 27 27 35 120.0 151.3 86.22 1.07 
D Low 123.6 16 62 15 154.7 150.0 67.31 2.14 
D Low 124.0 16 60 15 149.6 154.8 66.36 1.24 
D Low 124.0 16 64 15 150.5 151.9 66.72 1.80 
D High 169.0 16 44 20 154.6 160.4 80.38 1.12 
D High 167.7 16 44 20 150.8 156.8 80.16 1.81 
D High 166.7 16 46 20 156.9 173.6 79.38 0.85 
 





























in CE [%] 
D Low 121.5 16 62 15 186.4 197.8 55.15 1.61 
D Low 123.9 16 62 15 191.7 197.4 57.68 2.12 
D Low 124.2 16 64 15 212.1 203.0 54.03 1.06 
D High 166.0 16 44 20 181.4 180.4 76.01 1.36 
D High 165.7 16 44 20 204.5 199.3 72.94 1.60 
D High 166.1 16 45 20 214.3 201.5 73.94 1.16 
E Low 139.4 21 59 19 152.1 162.9 77.95 1.49 
E Low 140.2 21 56 19 160.0 151.5 77.62 1.67 
E High 220.6 21 34 28 160.3 153.2 90.30 0.86 
E High 216.8 21 32 28 175.3 159.1 90.57 1.07 
E High 224.0 21 31 28 148.9 152.9 89.95 0.65 
E Low 136.8 30 56 19 160.7 169.7 66.52 0.85 
E Low 136.5 30 56 19 151.8 168.1 68.95 1.43 
E High 195.8 30 36 28 156.8 155.6 86.16 0.91 
E High 197.0 30 36 28 140.4 143.8 89.40 1.24 
E High 195.5 30 38 28 169.2 171.1 89.04 0.74 
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A High 88.5 26 142.1 148.9 67.14 
66.47 0.899 A High 87.3 26 162.7 159.5 66.83 
A High 89.4 26 157.7 153.0 65.45 
B Low 94.2 27 148.4 155.8 81.00 
80.91 0.99 B Low 95.8 27 175.0 154.9 81.86 
B Low 95.1 27 172.8 151.0 79.88 
B High 281.6 27 140.7 137.7 91.21 
89.72 2.11 
B High 279.1 27 121.6 153.6 88.23 
C Med-Low 167.9 27 156.1 166.1 88.16 
89.19 1.84 C Med-Low 167.0 27 145.3 144.2 88.09 
C Med-Low 183.7 27 144.2 153.6 91.32 
C Med-High 269.9 27 136.2 147.8 89.58 
88.29 1.81 C Med-High 274.8 27 184.9 185.6 89.08 
C Med-High 275.7 27 120.0 151.3 86.22 
D Low 123.6 16 154.7 150.0 67.31 
66.80 0.48 D Low 124.0 16 149.6 154.8 66.36 
D Low 124.0 16 150.5 151.9 66.72 
D High 169.0 16 154.6 160.4 80.38 
79.97 0.53 D High 167.7 16 150.8 156.8 80.16 
D High 166.7 16 156.9 173.6 79.38 
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D Low 121.5 16 186.4 197.8 55.15 
55.62 1.87 D Low 123.9 16 191.7 197.4 57.68 
D Low 124.2 16 212.1 203.0 54.03 
D High 166.0 16 181.4 180.4 76.01 
74.30 1.57 D High 165.7 16 204.5 199.3 72.94 
D High 166.1 16 214.3 201.5 73.94 
E Low 139.4 21 152.1 162.9 77.95 
77.79 0.23 
E Low 140.2 21 160.0 151.5 77.62 
E High 220.6 21 160.3 153.2 90.30 
90.27 0.31 E High 216.8 21 175.3 159.1 90.57 
E High 224.0 21 148.9 152.9 89.95 
E Low 136.8 30 160.7 169.7 66.52 
67.74 1.72 
E Low 136.5 30 151.8 168.1 68.95 
E High 195.8 30 156.8 155.6 86.16 
88.20 1.78 E High 197.0 30 140.4 143.8 89.40 
E High 195.5 30 169.2 171.1 89.04 
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